The rapid development in flux and efficiency of Light Emitting Diodes (LED) has resulted in a flooding of the lighting market with Solid State Lighting (SSL) products. Many traditional light sources can advantageously be replaced by SSL products. There are, however, large variations in the quality of these products, and some are not better than the ones they are supposed to replace. A lack of quality demands and standards makes it difficult for consumers to get an overview of the SSL products.
Introduction Introduction Introduction Introduction
Within recent years the development of light emitting diodes with higher efficiency and lower cost has increased the market for solid state lighting (SSL) products to a billion dollar size global market. However, with the influx of new products and producers the quality is highly varying. This is in terms of light quality, meaning the ability of the light source to render colors of the illuminated objects in a useful manner, measured by the color rendering index (CRI), the correlated color temperature (CCT) and chromaticity difference (Duv) which determines the colorimetric characteristics of the light. Another important characteristic is the energy efficiency in terms of light output in lumen per watt electric power consumed and in the availability and reliability of product information. This variation can potentially lead to decreasing consumer confidence in LED-based lighting technology. The present study was conducted in an effort to help consumers, in making informed decisions, and avoid products with unwanted performance characteristics. Focus has been on the energy efficiency, spectral light quality and service life of the products, as these characteristics are essential to long term satisfaction and thereby technology adoption by consumers.
The rapid development of efficacy and cost efficiency of the light sources within SSL, has come to the attention of regulatory bodies around the world. Among the most prominent measures is the outphasing of inefficient light sources in the EU as well as other countries. Another effort to increase the energy efficiency within the EU is the EU LED Quality Charter (EUQC). This is a voluntary program to promote energy savings in residential lighting sector (JRC, EU, 2011) . Producers of LED lamps are encouraged to register their products, with the program, if these comply with certain demands, with regards to light quality, efficacy, labeling and other performance properties. We use these requirements as a reference for evaluation of the light sources in the present survey. The efficacy criteria for inclusion under the program increase in steps every year from 2011 to 2015 to a total increase between 30% and 50%, depending on the color rendering index (CRI) of the light source. As the light sources under testing have been collected between January 2010 and January 2012 the general increase in efficacy can be compared to the criteria of the charter.
Method Method Method Method
The light sources have been collected from lighting companies in Denmark and random samples from stores in the Copenhagen area. The main performance criteria for the lamps under the EU Quality Charter are the luminous efficacy, and the CRI of the light source, furthermore we have investigated the CCT and Duv of the lamps. In order to evaluate these, the total luminous flux from all lamps has been measured in an integrating sphere spectroradiometer setup; also the electrical power consumption is measured using a power analyzer. The CRI is calculated from a spectral radiometric measurement, done on the output from the integrating sphere. The light sources are divided into two types: Directional and non-directional. The definition used in the EU regulation is that if 80% of the luminous flux is emitted in an angle of less than 120
• , the light source is directional (EU, 2012) . Otherwise it is considered non-directional. Since goniometric measurements of the spatial distribution of the light were not performed in this study, the distinction was determined using visual inspection of the light sources and their light output patterns. This also entails that we have measured the total luminous flux from the lamps, and not the useful luminous flux, which has cut-off angles for directional light sources. The LED products tested in this study have been measured in two different procedures. The majority of products have been tested once for luminous flux, power consumption and spectral light quality in a single measurement, while a smaller quantity has been selected for long term lifetime test, with several measurements conducted at approximately 1000 hour intervals. We have used the IES LM-79 as a guideline for the single measurements (IES, 2007) and the pre-standard IEC/PAS 62612 (IEC, 2009) for the lifetime tests. When testing LED components, accelerated lifetime tests with elevated temperatures are normally used, in this case however, this study is performed on the individual lamps, including transformer and driver etc. This means that any change in performance under an accelerated test could, be induced by accelerated aging of other components than the LED. As it is outside the scope of this study to investigate the performance of the individual parts of the lamps, accelerated lifetime tests could not be used.
In this study we use the CRI as defined by the CIE (CIE, 1995) , to evaluate the spectral light quality of the tested light sources. This is a standard metric widely used, although it has been shown to have problems with regards to LED light sources (Ohno, 2006) and prediction of user satisfaction (Rea & Freyssinier-Nova, 2008) . However, no consensus has been reached about the standardization of alternative metric as for instance the color quality scale (Davis & Ohno, 2010 ).
The differences and changes in the colorimetric properties of the products are evaluated using the concept of least noticeable difference both in correlated color temperature. In typical uses of retrofit light sources several light sources are used in conjunction, therefore the question of similarity becomes an issue. Due to the nature of SSL technology the variation in chromaticity between products can be large, whether this is intentional or not. Even between products of similar specifications and manufacture, the variation can be large enough to be noticed by human observers. To quantify this we use the work of Bieske and Schierz (Bieske & Schierz., 2010) who found thresholds for variations to be distinctively perceptible and just noticeable. The least noticeable difference ‫ܶܥܥ∆‬ for a given ‫ܶܥܥ‬ is given by
While a distinctively perceptible difference is given by the following expression:
Using these formulae we have evaluated the similarity of the light output from the light sources of similar make under test, and the changes in chromaticity under long term tests. Directional   230  230 230  230  95  49   12  12 12  12  99  23   Table 1 The number of light sources tested grouped by directionality and input voltage, totaling 266.
The number and types of LED light sources that were tested is shown in Table 1 . The tests were conducted in the following manner: In the single instance test of the LED products the light source under test was placed base down in the center of the integrating sphere, with diameter 1 meter. Hereafter the product is left turned on with 12.0 V DC or 230 V AC. Measurement commences when a stable condition is met, which is: Light yield and power consumption must not vary by more than 0.5 % at 3 consecutive intervals of 15 minutes. When the product is stable its spectral distribution is measured through an optical fiber using a spectroradiometer from OceanOptics (QE65000), the CCD sensor in the spectroradiometer is cooled to -10˚C to ensure that thermal noise is minimized. The system has in advance been calibrated with a flux standard lamp from Labsphere (CSFS-600). Furthermore, the light absorbed by the light source itself is corrected for, by absorption correction using an auxiliary halogen lamp. After this correction the radiometric and colorimetric values are calculated by using a colorimetric software package developed in-house. The AC 230 V power consumption was measured with a Voltech PM1000+ Power Analyzer and the DC (12 V) current and voltage was measured with standard multimeters.
The light sources that were tested, for long term performance, was placed in an air-conditioned room, with an ambient temperature of 25˚C. They have been placed in both the base-up and base-down configuration on a plate in the semi-open configuration so that air can flow freely around the bulb, but is constricted vertically. The socket types of the measured light sources are GU5.3, E27 and GU10 of these, 36 were directional and 12 were non-directional light sources. The 230 V light sources have been connected to the wall power supply with 230-240 V while turned on. The light sources have been measured, in the integrating sphere spectrometer, according to the procedure described above at 500, 1000, 2000, 3000, 4000, 5000, 6000 and 11000 hours of powered operation. 48 LED products have been tested in the lifetime procedure. Three of the light sources failed completely within the 3000-7500 hour time span.
Results Results Results Results
Even though the measured lamps are not necessarily statistically representative of even the Danish SSL retrofit market, the large number of different lamps gives an indication what products are generally available to the consumer and what the light quality and efficacy of these products are. As LED technology is developing rapidly, an increase in efficacy should be visible over the duration of the study. However, due to the way the products were collected, the time of measurement of the individual lamps in the study were delayed by arbitrary amounts of time compared to the market introduction of the product. This means that low performing products could be older technology, measured with a long delay after market introduction.
The key characteristic for use of LED to increase general energy efficiency is the luminous efficacy. Figure 1 shows the luminous efficacy of each product as a function of the time of measurement in the study and the EUQC efficacy requirements. It is clear from the figures that the trend is towards higher efficacy with time, especially for the lamps with CRI above 80. To be included in the EUQC the light source must have an efficacy above the line with the same color code. It can also be seen that a large portion of products fall outside the requirements for inclusion in the EUQC. It is found that 48 of 194 directional light sources fall within the criteria while this is only true for 6 out of 72 of the non-directional lamps. The relationship between CRI and efficacy play an important role in the EUQC. This relationship can be seen for the sample lamps in Figure 2 , which shows the CRI as a function of luminous efficacy for all samples. The main part of the samples appears to have luminous efficacies from 35 to 60 lm/W and CRI between 80 and 85. This grouping indicates that manufactures focus on products that comply with the various standards and regulations that require CRI>80. It is expected that new products will arrive with higher efficacies for all CRI, as time progresses. There are also a number of light sources with very low CRI. The relation that is normally seen between low correlated color temperature and low efficacy is not clearly visible in this study. Figure 3 shows luminous efficacy as function of correlated color temperature. Here it is seen that the majority of products are scattered around 2700 K and 45 lm/W, with few products at high efficacies and some with high CCT, but non with both. This is somewhat surprising since high CCT should require less energy conversion, with lower energy loss and thus higher efficacy. The explanation is most probably the focus, in this study, on replacement lamps for the Nordic market, which generally favors low CCT. The few data points for high CCT lamps are perhaps not representative of the general performance in this regime. The consistency in chromaticity is important when light sources of the same type are placed side by side. Again the variation of quality among products of similar make series is visible as a large difference in the variation of the chromaticity within a series. Figure 4 shows the chromaticity of 5 series of light sources in CIE 1931 x, y chromaticity diagram. Also shown are the just noticeable difference ellipses and the specification of standardized chromaticity areas of SSL products by ANSI (ANSI, 2008) . It is evident that for 4 out of five series the chromaticities are within one just noticeable difference circle, which means that the light from two such lamps should be indistinguishable even to an attentive observer. On the other hand one series has so high variation that the chromaticity of one of the sources falls outside the ANSI specification, which should give a noticeable difference in the observed light.
In the long term study we see a high degree of stability over time for the directional light. However, large variation occurs in the interval from 0 -500 hours, this is an expected behavior for new products, normally called seasoning. Here we disregard this by regarding the 500 hour value as the initial value. Figure 5 shows the relative luminous flux as a function of time normalized to the value at 500 hours, for 4 series of 3 directional lamps each. It is clear that some seasoning occurs, with light output still rising after 500 hours. However, deprecation is evident after 11000 hours with values from 97% to 80%. This is to be expected even though some of these light sources might not reach the useful life of 50,000 hours, which is widely quoted. By looking at the light output reduction after 6000 h the lamps can be divided into categories according to IEC 62612 (IEC, 2009) . Of the 37 lamps that were tested for more than 6000 hours 28 had a decrease in output over 90% of the initial output (category A). 4 lamps had an output between 90% and 80% (category B), 2 lamps has an output between 80% and 70% (Category C), and 3 lamps fail entirely. The high number of category A lamps indicate that most consumers will experience the lamps as "long-lasting". However, the light sources that fails during testing represents a more problematic scenario for the consumer, since the larger retail cost will be lost in case of an early failure with little chance of recouping the loss.
As a part of the study a website has been under development for Danish consumers to access some of the information gathered in this study. A screen capture of the website can be seen in Figure 6 . Here consumers should be able to search for the optimal LED replacement for domestically used light sources. A test version of the website is planned to go online 21. January 2013 at http://www.lednet.dk (danish), and we hope to be able to update the information contained in it with newer products. 
Conclusion Conclusion Conclusion Conclusion
This study supports the notion that the market for consumer grade lighting products has a high variation in efficacy and light quality. Many products available do not meet the criteria of the EU Quality Charter. There are for instance a number of light sources with very low CRI. Without proper education of -or information to the consumer about CRI and light quality, it is possible that consumers will find these products to have light quality that are below expectations. However it has been found that the abundance of products tested has a CRI above 80 in accordance with both the EUQC and widely applied regulation of work places (DIN, 2011) . With regards to efficacy there is a large spread in the values. For the correlated color temperature and chromaticity difference, we see large variations in the variations among similar products. If a consumer uses several of these products in conjunction the resulting experience might be dominated by the disturbing dissimilarity.
In the lifetime study the results show the steady depreciation over the 11000 hours span, which was monitored, with many products having high light output after 11000 hours. However, the depreciation has a large degree of variation from product to product, some of which have a useful life (Light output 70% of the initial output) less than 10.000 hours, which is in the range of standard compact fluorescent lamps.
The study shows a need for reliable product information readily available for the consumer, which we hope to be able to facilitate via the website which will be introduced in early 2013.
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